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STATUS AND DEVELOPMENTS AT THE H I G H  FIELD MAGNET LABORATORY OF THE UNIVERSITY OF NIJMEGEN 
K .  van Hulst  and J . A . A . J .  Perenboom 
High F i e l d  Magnet Laboratory,  Univers i ty  of Nijmegen, Toernooiveld,  
NL-6525 ED Nijmegen, The Netherlands 
A hybrid magnet system genera t ing  a maximum f i e l d  
s t r e n g t h  of 30.4 T has been s u c c e s f u l l y  t e s t e d  and 
been put  i n t o  opera t ion  a t  t h e  Nijmegen High F i e l d  
Magnet Laboratory. A s h o r t  overview is given of t he  
present  i n s t a l l a t i o n s  and the  opera t ing  
c h a r a c t e r i s t i c s  of the  new hybrid magnet, Nijmegen 11 ,  
and its p e r i p h e r a l  f a c i l i t i e s  are d iscussed .  
In t roduct ion  
The Univers i ty  of Nijmegen has been o p e r a t i n g  a 
f a c i l i t y  t o  genera te  high s t a t i c  magnetic f i e l d s  s i n c e  
1976. The f a c i l i t y  is configured around a 6 MW 
e l e c t r i c  power supply and the  assoc ia ted  water cool ing  
system: the  s p e c i f i c a t i o n s  a r e  given i n  Table 1. The 
Nijmegen High F i e l d  Magnet Laboratory (NHFML) i s  
housed on two f l o o r s  of t he  physics wing i n  the  
Faculty of Science a t  the  Univers i ty  of Nijmegen. 
E l e c t r i c a l  Power and Cooling 
The dc c u r r e n t  t o  energ ize  the  magnets is provided 
by two 3 MW power s u p p l i e s  (300 V x l O  kA), one of which 
i s  schemat ica l ly  shown i n  F ig .  1. They a r e  u s u a l l y  
operated i n  p a r a l l e l .  Each u n i t  c o n s i s t s  of a 
t ransformer ,  diode r e c t i f i e r s ,  a pass ive  and an a c t i v e  
f i l t e r .  
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Figure 1. Schematic of a 3 MW power supply u n i t .  
The transformer has two s e c t i o n s ,  one of which has 
r o t a t i n g  primary c o i l s  ( induct ion  c o n t r o l ) ,  each with 
two secondary windings. The secondary windings of the  
two s e c t i o n s  a r e  connected i n  s e r i e s ,  and by 
adjustment of t he  induct ion  c o n t r o l  t he  secondary 
phase vol tage  may be set between 5 V and 165 V, which 
i s  then passed on t o  a three-phase r e c t i f i e r  br idge  
and a pass ive  LC-f i l te r .  A s  t he  two secondary phase 
vol tages  a r e  phase-sh i f ted  over 30" with r e s p e c t  t o  
each o t h e r ,  the  b a s i c  r i p p l e  on the  magnetic f i e l d  
w i l l  be a t  600 Hz. 
Table 1. S p e c i f i c a t i o n s  of cool ing  and e l e c t r i c a l  power s u p p l i e s .  
Water cool ing  
Cold b u f f e r  maximum 150 tons of i c e  i n  a 400 m3 b a s i n  (18 MWh) , 
compressor dr iven  r e f r i g e r a t o r  cooled with ground water 
maximum flow 260 m3/h, 5OC t o  h e a t  exchanger 
deionized water ( <  0 .5  pmho/cm) , nominal temperature 1 8 ° C  
400 m3/h a t  up t o  23 b a r  
primary c i r c u i t  
secondary c i r c u i t  
high pressure  pumps 
3 MW Power supply ( 2  u n i t s )  
Primary v o l t a g e  10 kVac 
Secondary v o l t a g e  0 - 300 vdc 
Secondary c u r r e n t  
Overload c a p a b i l i t y  100% f o r  1 min. once every 15 min 
Current s t a b i l i t y  s h o r t  term (1 h ) :  0.01% of s e t t i n g  a t  t5% l i n e  vol tage  
0 - 10 kAdc 
v a r i a t i o n  or a t  *3O% load v a r i a t i o n  
long term (10 h ) :  0.1% of s e t t i n g  a t  f20'C ambient 
temperature v a r i a t i o n  
15 mVpp ( 6 0 0 ~ ~ )  
30 V / s  over t he  e n t i r e  range 
1000 V / s  over *6 V around s e t t i n g  
Ripple ( a t  f u l l  power) 
Current s e t t i n g  b e t t e r  than 0 .1  A 
Speed of c o n t r o l  
Tracking e r r o r  < 0.1% f o r  sweeps < 110 A / s  
Modulation 14 Vpp. 20 - 100 Hz 
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Fur ther  regula t ion  i s  provided by a t r a n s i s t o r  
bank of 2000 germanium t r a n s i s t o r s  i n  p a r a l l e l .  The 
maximum vol tage  across  t h i s  t r a n s i s t o r  bank i s  18.5 V, 
the  nominal vo l tage  w i l l  be about 10 V where coarse  
c o n t r o l  i s  r e a l i z e d  v i a  an hydraul ic  system t h a t  w i l l  
set the  induct ion  con t ro l .  The vol tage  across  the  
t r a n s i s t o r  bank may be var ied  r a p i d l y  between +3  V and 
+l7 V f o r  the  purpose of accura te ly  regula ted  
magnet ic - f ie ld  sweeps, or of magnetic-field 
modulation. The re ference  for the  power s u p p l i e s  is  
s e t  by means of a remote panel c o n t r o l l e d  by the  
experimenter and may represent  any t ime-prof i le  of t he  
magnetic f i e l d  wi th in  c e r t a i n  limits. 
The power u n i t s  have a short-term overload 
c a p a b i l i t y  of 12 MW, but  present  c o n t r a c t s  with the  
U t i l i t y  Company l i m i t  t he  a v a i l a b l e  e l e c t r i c  power t o  
8 M W .  A nominal power of 6.3 MW i s  a v a i l a b l e  on 
workdays from 23:OO h t o  8:OO h ,  and a t  weekends 
around the  clock. Daytime opera t ion  i s  p o s s i b l e ,  bu t  
with c e r t a i n  r e s t r i c t i o n s ,  s t a r t i n g  a f t e r  l3:OO h ,  
except dur ing  four  weeks i n  December. On a t y p i c a l  
day two s h i f t s  of nominally four  hours w i l l  be 
scheduled, although occas iona l ly  very long s e s s i o n s  
l a s t i n g  u n t i l  the  e a r l y  morning w i l l  t ake  p lace .  Over 
a one year period about 1500 user-hours a r e  a v a i l a b l e  
( a f t e r  allowance f o r  maintenance and t e s t i n g ) .  I n  
each of t he  l a s t  f i v e  years  the  i n s t a l l a t i o n  has been 
used dur ing  an average of almost 700 user-hours,  with 
an average energy consumption of 0.77 MWh p e r  
user-hour.  Running of the  extremely high f i e l d  
hybrid-magnet systems i s  very labour- in tens ive  and is  
o f f e r e d  only t o  a l i m i t e d  ex ten t .  
The cool ing  of the  r e s i s t i v e  magnets and of t he  
e l e c t r i c a l  power s u p p l i e s  is achieved with a 
closed-cycle water cool ing  c i r c u i t .  A s  the  cool ing  
water i s  i n  d i r e c t  contac t  with the  c u r r e n t  c a r r y i n g  
p l a t e s ,  t he  water i n  t h i s  c i r c u i t  i s  deionized. 
Fig.  2 g i v e s  a concise overview of the  cool ing  
sw,tches Power Commutators 
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Figure 2.  Schematic layout  of t he  i n s t a l l a t i o n  of t he  
NHFML, i n d i c a t i n g  a magnet s t a t i o n .  t h e  power 
supp l i e s ,  and the  cool ing  system. 
i n s t a l l a t i o n .  For environmental reasons and because 
the re  i s  no r i v e r  nearby, i t  was decided t o  use ground 
water f o r  the  u l t i m a t e  cooling. I n  t h i s  way the  r a t e  
of h e a t  t r a n s f e r  is only smal l ,  t h e r e f o r e  co ld  is  
buffered  i n  a s tock  of frozen water.  
The High F i e l d  Magpets 
The NHFML has f i v e  magnet s t a t i o n s  o p e r a t i o n a l ,  
t he  present  conf igura t ion  is l i s t e d  i n  Table 2 
toge ther  with some s p e c i f i c a t i o n s  of the  magnets. The 
magnets a r e  being run and maintained by the  l a b o r a t o r y  
s t a f f .  There is  no program i n  Nijmegen t o  develop and 
c o n s t r u c t  magnets however. The hybrid magnet 
Nijmegen I has been i n  opera t ion  s i n c e  1978 and has 
been b u i l t  under a c o l l a b o r a t i v e  c o n t r a c t  a t  M.I.T.; a 
second, more advanced hybrid magnet system has been i n  
opera t ion  s i n c e  e a r l y  summer 1987. 
Table 2. Experimental s t a t i o n s  a t  the  NHFML. 
Magnet System Maximum Bore Power Homogeneity 
f i e l d  ( T )  ( m m )  ( M W )  i n  1 cm DSV 
1. Hybrid Magnet N I 25.4 32 5.70 3x10-3 
2. B i t t e r  Coil  15.2 60 5.85 Z X ~ O - ~  
3. B i t t e r  Coil  14.8 53 5.85 1x10-5 
4. Duplex B i t t e r  Coil  20.0 32 5.80 1x10-3 
5. Hybrid Magnet N I1 30.4 32 5.50 3x10-3 
Nijmegen 11: This l a t e s t  expansion of t he  NHFML, 
the  30 T hybrid magnet which w e  c a l l  Nijmegen I1 (See 
Fig.  3 ) ,  has a l s o  been designed and b u i l t  a t  the  
M.I.T. Franc is  Bitter National Magnet Laboratory i n  
cooperation with the  Univers i ty  of Nijmegen. The 
design of t he  magnet, the  f e a t u r e s  of t he  subcooled 
s u p e r f l u i d  helium c r y o s t a t  and the  f i r s t  t e s t i n g  a t  
M.I.T. have been repor ted  e a r l i e r  [1 ,2 .3 ] .  The 
superconductive c o i l  has been designed f o r  opera t ion  
a t  4 .2  K and a t  1.8 K ,  and i t  w i l l  then genera te  8.3 T 
a t  1500 A or 11 T a t  2000 A r e s p e c t i v e l y .  The i n s e r t  
c o n s i s t s  of two concent r ic  rad ia l ly-cooled  B i t t e r  
c o i l s  which f o r  t h e i r  compression r e l y  mainly on a s e t  
of i r o n  armatures a t  e i t h e r  end of the  s t acks .  The 
i r o n  armatures a l s o  c o n t r i b u t e  t o  the  t o t a l  magnetic 
f i e l d .  The system has now been i n s t a l l e d  i n  Nijmegen 
and has been t e s t e d  t o  f u l l  power. 
I n  the  NHFML the  cool ing  of the  r a d i a t i o n  s h i e l d  
and the  precool ing  of t he  superconductive c o i l  down t o  
about 15 K i s  accomplished by a P h i l i p s  Cryogenerator 
i n  a similar way a s  with the  25 T hybrid magnet, 
Nijmegen I [4]. Cooldown from room temperature t o  
15 K takes  about 200 hours.  Af te r  cool ing  down and 
before  t r a n s f e r  of l i q u i d  helium i n t o  the  c r y o s t a t  the  
20 K cool ing  system i s  shut  o f f ,  and the  20 K cool ing  
panel ,  which surrounds the  c o i l  v e s s e l ,  i s  evacuated 
t o  minimize hea t  i n p u t  i n t o  the  c o i l  space.  The 
cryogenerator is kept running t o  provide cool ing  f o r  
t he  80 K r a d i a t i o n  s h i e l d .  I t  takes  about 90 minutes 
t o  f i l l  t he  c o i l  space and the  r e s e r v o i r  with l i q u i d  
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helium. Another 75 minutes are r equ i r ed  f o r  coo l ing  
t h e  c o i l  space from 4 .2  K t o  1.8 K ,  u s ing  t h e  coo l ing  
power of  two 1250 m3/h vacuum pumps. The t o t a l  amount 
of  l i q u i d  helium requ i r ed  f o r  f i l l i n g  and cooldown, 
i n c l u s i v e  of  t r a n s f e r  l o s s e s  and b o i l - o f f ,  is  about  
550 l i t e rs .  
Performance tests: System t e s t i n g  i n  Nijmegen was 
performed i n  t h r e e  phases: a)  i n s e r t  c o i l s  on ly ,  
b )  combined systems, i n s e r t  c o i l s  and superconduct ive 
magnet, a t  4 .2  K ,  and c )  combined systems a t  1.8 K .  
The two concen t r i c  r a d i a l l y  water-cooled c o i l s  are 
energized i n  series with a maximum c u r r e n t  o f  20 kA, 
t h e  vo l t age  drop ac ross  t h e  o u t e r  c o i l  is  then 151.5 V 
and ac ross  t h e  i n n e r  c o i l  121.0 V.  The maximum f i e l d  
of  19.6 T i n  t h e  32 mm d i a .  bore i s  obtained a t  a 
power of  only 5.5 MW. The e f f i c i e n c y  f i g u r e  B(d/W)1/2 
(where B i s  t h e  magnetic f i e l d  s t r e n g t h  i n  T, d t h e  
room temperature  bore i n  cm, and W t h e  e l e c t r i c a l  
power i n  M W )  i s  the re fo re  14.9 [5]. The maximum 
magnetic f i e l d  s t r e n g t h s  obtained i n  these  tests are 
l i s t e d  i n  Table 3. With Nijmegen I1 opera t ing  a t  
1.8 K and a power consumption of  5.5 MW w e  have 
reached a f i e l d  of 30.4 T i n  a 32 mm bore. 
Table 3. 
Nijmegen 11. 
Maximum f i e l d  s t r e n g t h  f o r  t h e  hybrid magnet 
Iw/c k / C  B w / c  Bs/c B to t  
(kA) (A) (T) (T) (T) 
a.  20 0 19.6 0 19 .6  
b .  20 1500 19.6 8.3 27.9 
C .  20 1950 19.6 10.8 30.4 
Cryogenics: The s t and ing  loss  with c o i l  space and 
r e s e r v o i r  f i l l e d  a t  4 .2  K is equ iva len t  t o  a h e a t  
i n p u t  of  about 6 W .  With l i q u i d  i n  t h e  c o i l  space 
on ly ,  b o i l i n g  o f f  through t h e  r e s e r v o i r ,  t h i s  i s  
reduced t o  4.5 W .  The normal ope ra t ing  p r a c t i c e  for 
hybrid magnet systems i s  t o  run t h e  superconductive 
c o i l  t o  i t s  f u l l  c u r r e n t  and sweep or set t h e  f i e l d  of  
t h e  i n s e r t  c o i l s  as r equ i r ed  by t h e  experiment. Under 
these  cond i t ions  t h e  h e a t  i n p u t ,  and hence t h e  helium 
consumption, is  considerably higher:  t h e  h e a t  l oads  on 
t h e  r e s e r v o i r  and t h e  1.8 K c o i l  v e s s e l  amount t o  40 W 
and t o  about 20 t o  25 W r e spec t ive ly .  The r e s e r v o i r  
l o s s e s  mainly come from two sources:  a )  The ohmic 
l o s s e s  of  t h e  two MULTILAM c o n t a c t s ,  between t h e  
TO VACUUM PUM 
ELECTRICAL CONNECTIONS 
Figure 3. Cross s e c t i o n  o f  t h e  hybrid magnet system, Nijmegen 11. 
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gas-cooled l eads  and t h e  superconductive busbars  i n  
t h e  r e s e r v o i r ,  are a s  much as 27 W (and seem t o  
i n c r e a s e  with every o p e r a t i o n ) .  Since t h e  c o n t a c t s  
are immersed i n  l i q u i d  t h i s  f i g u r e  t r a n s l a t e s  f o r  t h e  
f u l l  amount i n t o  b o i l - o f f .  b)  The system des ign ,  
with a r e s e r v o i r  con ta in ing  about 70 l i ters,  i s  based 
on t h e  assumption of  continuous t r a n s f e r  du r ing  
ope ra t ion .  With t h e  p re sen t  t r a n s f e r  technique 
however w e  i n t roduce  a loss  of  about 10 W (13 l / h ) .  
Modif icat ions a r e  planned t o  e s s e n t i a l l y  e l i m i n a t e  
these  two sources .  
From t h e  d a t a  w e  have c o l l e c t e d  so f a r  it is no t  
p o s s i b l e  t o  g e t  a clear p i c t u r e  of  where t h e  h e a t  load 
on t h e  1 .8  K v e s s e l  o r i g i n a t e s .  Co i l  l o s s e s  cannot be 
r u l e d  o u t  a t  t h i s  p o i n t  bu t  w e  have seen evidence f o r  
thermal l eaks :  i n t e r a c t i o n  f o r c e s  between t h e  
superconductive c o i l  and t h e  i n s e r t  p l u s  i t s  i r o n  
armatures cause t h e  superconductive c o i l  t o  r e a d j u s t  
i t s  p o s i t i o n  when i t  is  being energized.  
Pe r iphe ra l s :  The dec i s ion  t o  apply a cryogenerator  
with t h i s  magnet was based on t h e  e x c e l l e n t  experience 
with our  f i r s t  hybrid magnet system, Nijmegen I.  A 
cryogenerator  (which r e q u i r e s  a s i g n i f i c a n t l y  smaller 
investment than a l i q u e f i e r )  is  a very convenient 
dev ice  for  coo l ing  down such a b i g  c o i l ,  e s p e c i a l l y  i f  
( l i k e  i n  ou r  case) t h e  magnet i s  n o t  t o  be  kep t  co ld  
permanently. The cooldown process  needs very l i t t l e  
a t t e n t i o n  and no l i q u i d  n i t rogen  is  needed. 
The 2000 A power supply f o r  t h e  superconduct ive 
c o i l  has been b u i l t  by Holec i n  Hengelo. It has  SCR 
r e c t i f i e r  b r idges .  The f i r i n g  angle  of  t h e  SCR's can 
be c o n t r o l l e d  between -180" and +180° thus  enab l ing  
t h e  supply t o  d e l i v e r  as well as t o  absorb power a t  up 
t o  20 V .  The shunt  i s  a dc c u r r e n t  t ransformer,  
y i e l d i n g  a s t a b i l i t y  of 
The dump r e s i s t o r  i s  made of  i r o n  s t r i p s  (4x30 mm2 
c r o s s  s e c t i o n )  and has  s u f f i c i e n t  thermal mass t o  
absorb t h e  superconductive c o i l ' s  magnetic energy of  
11 MJ a t  a moderate temperature rise of  about 150°C. 
The discharge time cons tan t  is  22 seconds. The dump 
r e s i s t o r  is  connected p a r a l l e l  t o  t h e  superconduct ive 
c o i l  r a t h e r  than p a r a l l e l  t o  t h e  dump switch.  The 
advantage of  f a r  b e t t e r  c o n t r o l  c h a r a c t e r i s t i c s  o f  
t h i s  s e t -up  more than outweighs t h e  inconvenience of  
having a small discrepancy between shunt  vo l t age  and 
a c t u a l  coi l  c u r r e n t  du r ing  sweeps. Besides ,  t h i s  
discrepancy can e a s i l y  be compensated. 
A quench d e t e c t o r  was developed based on t h e  
detect/dump p r o t e c t i o n  scheme descr ibed by Iwasa and 
S i n c l a i r  [6] ,  and by Ishigohka and Iwasa [7]. The 24 
pancake vo l t ages  are f ed  i n t o  as many ope ra t iona l  
ampl i f i e r s  and added, with equal  weights and with t h e  
r i g h t  s i g n .  In s t ead  of  i s o l a t i o n  a m p l i f i e r s  w e  used 
o rd ina ry  ope ra t iona l  ampl i f i e r s  (308) with a vo l t age  
d i v i d e r  (1:lO) a t  t h e  inpu t .  A l l  i npu t s  are clamped 
t o  f10 V f o r  p r o t e c t i o n  du r ing  a dump. With t h e  
d e t e c t i o n  l e v e l  and c i r c u i t  bandwidth p r e s e n t l y  used,  
t h e  h ighes t  temperature i n  t h e  normal zone du r ing  a 
quench/dump sequence is  est imated t o  remain below 
150 K .  
Conclusion 
With t h e  a c q u i s i t i o n  of  i t s  new 30 tes la  hybrid 
magnet system. t h e  NHFML can o f f e r  t h e  h ighes t  
a v a i l a b l e  s t a t i c  magnetic f i e l d s .  I t  also pu t s  a t  t h e  
d i sposa l  of  i t s  u s e r s  a wide s e l e c t i o n  of  cryogenic  
equipment, ranging from a top-loading d i l u t i o n  
r e f r i g e r a t o r  t o  helium-flow c r y o s t a t s  and ready-to-use 
i n s e r t s .  Users can a l s o  draw on a l a r g e  pool of 
e l e c t r o n i c  and spec t roscop ic  instruments .  
The NHFML i s  p resen t ly  encouraging a more 
i n t e n s i v e  use  of  i t s  f a c i l i t i e s  by v i s i t i n g  
s c i e n t i s t s .  
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a d j u s t a b l e  support  f o r  experimental c r y o s t a t s ,  w i th in  
t h e  l i m i t s  se t  by all t h e  o t h e r  hardware. 
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